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No matter how small pinholes are, they can have
cdetrimental cffects on package performance by 21-
lowing transport of water vapor and oxyoen in or
out of the package. This was conclusively proved
in our previous work (1)*. Under certain con-
ditions, pinholes will allow entry of bacteria into a
package, thus causing spoilage of ford
In this article, pinholes are defined »- smajl ¢
complete breakthrough openings in =z fics
packaging material—in a laminate, through al
components; in a single-layered web, throuch the
film.

Major causes of pinhole formation in o fiexible
package can be attributed to three modes of me-
chanical damage—puncture, flexing action and
abrasion. For cxample, pinholes duc to puncture
Part I: New methods measure  can occur when products with sharp corners such

puncture, flexing and abrasion as dehydrated or freeze-dried food jteme Qe oen-
’

closed in a flexible package, especintly whon g
in films and laminates vacuum is applied in the course of paci: i Fin-
By K.H. Huand J.B. Breyer ~ holes due to flexing action can oceu- when the

fold or scal area of a package is flexed during

transportation and handling. Finhoiss dur ‘o
abrasion can occur when high points or crrved
arcas of a package rub against another puckage or

against the exterior container. -
As soon as a pinhole is formed, the packoge
*Numbers in parentheses indicate References apmendsg,
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Figure 1. Instron (right)
and integrator (center) |
for meacuring puncture |
forces. Note test cell
and neediz on Instron. ko .. . it oo e el e e .




cat be cegurded as having lost one of its main
functions. Therefore, an understanding of vesist-
anes ol materials to pinhole formation resuliing
from abuse can be of vital importance to main-
wiaing adequate levels of package performance.
Hurthermore, ninhole formation can be used as a
ign criterion in defining material resistance to
¢s with the proper evaluation of
{actors.
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miployed in our studies are based on
on that pinhole formation in a
ackage represents damage resulting from
flexing action or abrasion. Therefore, in
¢ muaterial resistance to these damage
5. pmhole formation can be conveniently
- s ene of the main criteria. Most existing test
metheds vor polymeric materials (2) do not simu-
Tt wwpe of pinhole anticipated in flexible-
pacianing materials, Therefore, they were not em-
pluyed @ our testing. During the course of our
work, Gwa o existing test methods were modificd
Wi e acw ene was developed to meet our need
for 1ot that produced pinhole formation by abra-
sioyz, hoxing action and puncture. They are as fol-
fows:

Fuaciure resistance. Methods for measuring
punctire resisiance of polymeric materials have
been deseribed by Furno et al (3) and Lynch
{(4). The former used a 0.25-in. steel rod as a
plunger, while the Iatter used a rounded, cylindrical
penetrator of 0.19 in. diameter. Based on our ob-
servations, the pinholes that develop in flexible
puckages are nwach smaller in size than cither of
these two penctrators. Such pinholes are on the
order of 0.01 in. diamcter and sometimes less
(1.

An ASTM penctration needie of 0.006 in.
dinmeter (014 to 0.16 mm.) at the tip of the
needle was used as our puncturing device (5).
The machine is an Tnstron Tester with com-
pression-load cell attached. An integrator was
hooked up with the Instron, as shown in Fig. 1,
so that both maximum force and total energy ab-
soroca i puncturing could be measured on all
types of Hexibic materials.

The penciration needle was held upright in the
compression cell. The flexible material was placed
in 2 holder that consists of a modified Thwing-Al-
bert Vapometer cup provided with two circular,
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Figure 2. Folding endurance
tester for gauging flexing action.
Samptle is clamped at loft.
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Figure 3. Vacuum box for detecting pinholes
by transmission of dye through flexed sampies.

Figure 4. Abrasion tester with twice-folded
sample clamped at right over rotating emery disk.
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rigid, metal disks having a 0.5-in.-diameter hole
cut in the center of cach. A rubber O-ring was
placed between the disks along with the sample of
flexible material, and the asscmbly was then
clamped into the Vapometer cup. The completely
assembled holder was attached to the movable bar
of the Instron machine directly above the com-
pression cell (right center in Fig. 1).

The Instron machine was set up as follows:

a. CB compression cell: range 100 to 2,000
gm.

b. Jaw speed: 0.2 in. per min.

c. Chart speed: 5.0 in. per min.

Ten readings for each material were taken and
an average of these readings was made.

Elexing resistance. An MIT Folding Endurance
Tester (Fig. 2) and a specially designed vacuum
box (Fig. 3) were employed for this test (6). The
test sample was first given a predetermined num-
ber of flexes in the tester, then was removed and
mounted on the vacuum box to test for the pres-
cnce of pinholes.

The sample to be tested was cut 5.5 by 1.2 in.
and folded in half, lengthwise, with the hcat-
scalable surface inside the fold. It was then placed
in the tester jaws with the folded edge facing the
body of the machine. The tension of the jaw was
set at 0.5 kg. The speed was set at 180 cycles per
min.

After the predetermined flexing cycle was com-
pleted, the sample was unfolded and taped to the
top of the vacuum box with a strip of filter paper
underneath. A drop of dye solution was placed at
the flexing point of the test sample. A 23.5-in.
vacuum was drawn at the vacuum box. The ap-
pearance of dye on the filter paper indicated that
flexing had caused a pinhole in the test sample.
Ten readings were taken at cach number of cycles
selected for testing. When ninc or 10 readings out
of a total of 10 showed dye penetration, this num-
ber of cycles was then taken as the one that causes
pinhole formation in the particular material that
was being tested.

Abrasion resistance. A new abrasion tester was
developed and used in our test work (7). A 3-
by-3-in. scction was cut from the test sample. It
was folded diagonally once, forming a triangle. It

was folded again in the middle of the first fold, ‘

forming a second triangle half the size of the first
triangle. The twice-folded sample was then in-
serted into a holder in such a manner that its tip
was placed against an abrasive material, as shown
at right in Fig. 4. .

The abrasive material, emery polishing paper
of grit No. 4/0, was mounted on a turntable that
was spun at 50 rpm. The test sample was removed
from the folder after a predetermined number of
revolutions was completed. A drop of dye solution

was placed inside the sample fold and a picce of
filter paper was used to touch the tip of the fold
on the outside. Appecarance of dye on the filter pa-
per indicated that a pinhole had developed. Ten
readings at each number of revolutions for testing
were taken. When nine or 10 readings out of a to-
tal of 10 showed dye penetration, this number of
revolutions was then taken as the one that caused
pinhole formation.
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Next month, in a concluding Part I1 to this article,
the results of these tests and the methods used will
be discussed in full. Among the interesting con-
clusions is the fact that most laminates are strong
in one or two properties, but weak in others. This
necessitates a trade-off in properties, depending on
the specific packaging application for which the
material is designed.
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Partil: Resulis and discussion
of new film tesis to determine
puncture, flexing and abrasion
By K.H. Hu and J.B. Breyer

Three new tests have been devised to measure
puncture, flexing action and abrasion—the key
factors in pinhole formation in flexible materials.
These techniques were described last month (MP,
Dec. 70, p. 46) Now follows, in this second and
concluding part, an analysis of the testing tech-
niques.

Effcet of waterial thickness. Results of tesis of
polytrifluorc.aonochlorocthylene, polyethylene te-
rephthaiate and polyamide films all show that an
increase in thickness of flexible material increases
its puncture and sbrasion resistance but decrcases
its flexure resistance. Yypical are the results with
polytrituoromonachlorocthylene  film, illustrated
m Fig. 5. There, the maximum force required for
puncturinig varies approximately linearly with ma-
terial thickaess, whereas the total cnergy ab-
sorbed, cycies of ilexing and revolutions of abra-
sion, do not {follow this simple relationship.

In other words. for flexible packaging, incrcas-
ing material thickness does not always improve
package perfornance. Performance will depend
on which mode of dumage plays the most impor-
tant role. If puncture or abrasion damage is the
main contributing factor, an increase in material
thickness cun improve package protection. But, if
flexing action is the main factor, an increase in
thickness will resuit in the opposite cffect.

Effects of lainination. Modern flexible-pack-
aging materials usually consist of two to four lay-
ers (films and metal foil) adhered together. The
adhesive layer employed in the laminates used in
our testing was very thin, about 0.5 1bs. per 1,000
sq. ft., and in a broad sense belongs to the poly-
ester-epoxy iype.

Resistance to puncture. When several compo-
nents (or fiims) are brought together in a lamina-
tion, thickness is increased and, therefore, punc-
ture resistance is increased. When we examine the
relationship between the puncture resistance of a
laminate and that of the components that make
up the laminate, the former is usually less than
the sum of the latter. In other words, we usually
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do rot get the total amount of puncture resistance
expecied on the basis of individual componcents in
faminate.

'Lis is indicated in the results shown in Table
L. There, for the first laminate, we determinad the
maximum force required to puncture the laminare
from “inside” was 178 gm., which is smaller than
the sum of the components that was determined
scparalely as 205 gm. This cffect was aiso ob-
served for the total encrgy absorbed in puncturing.

Because there were adhesives used in the lami-
nates and, consequently, a possibilitv of synergetic
action among materials, one migit cxpect the
force required to puncture a laminate to be greater
than the sum of the components determined indi-
vidually. Our results show the conlrary. An cx-
pianation lies in the analysis of strength of mate-
rials.

It is well known that in an axially loaded mem-
ber of two or more materials of the samc length,
the unit stress in each is directly proporiional to
their (a) modulus of clasticity. Tt is also obvious
that, other things being equal, failure resistance of
a component is directly proportional to (b) the
breaking strength of the material involved. Be-
causc of these two determining factors, there are
several possible interactions,

The component with high modulus of clasticity
may have low breaking strength, or the compo-
nent with low modulus of elasticity may have a
high breaking strength in relationship to other
components. One typical example is showr in Fig.
6, in which F; and F arc forces required tc cause
failurc of components 1 and 2, determined indi-
vidually; Py and P, are forces supported ty com-
ponents | and 2, when they are in a composite un-
der Load P.. In cquilibrum:

Pt = P] + Pz
When load P, is increased, component 1 (high

modulus of elasticity, but low breaking strength),
as shown in Fig. 6, carries more of the load until
P = F: (component 1 fails). Then, P, = P,
(comaponent 2 must now support the entire load).
When P is increased further to P, — F2, com-
posite failure takes place. Therefore, at the com-
posite failure:

the
g

P = Fo<F: 4+ Fy
The above derivation implies that the two com-
poneats in a composite break at two different
points in the loading process, thus contributing to
a lower force than the sum of the two components
determined individually.
In spite of several possible combinations of
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A. Puncture Resisiance
{. Max. force
2. Total energy

C. Abrasion Resistance

B. Flexing Resistance

Figure 5. Effects of material thickness
on pinhcle formation.

Figure 6. Force [~~~
displacement chart
showing two peaks

of failure for
two laminates.

e T e e s iy

modulus of elasticity and breaking strength of one
component in relationship to other components,
the force required to cause failure of a laminate is
always less than, or at the most cqual te, the sum
of the components determined individually. This
behavior of the axially loaded member coincides
with our observations for the puncturc of lami-
nates, where two components in a laminate can
actually fail at two different points, as indicated
by two peaks in the force displacement chart,
shown in Fig. 7. ,

It also should be mentioned that therc are no-
table differences in forces and energics between
punctures initiated from the “outside” or from the
“inside” of a laminate, as shown in Table 1. But
there is no general rule as to which direction of
puncturing requires greater force and cnergy. It
scems to depend on the thickness and physical
characteristic of the components that make up the
laminate.

Hesistance to flexing action. An increase in ma-
terials thickness, based on our three test films,
results in a decrease of resistance to flexing action.
This obscrvation also applics to the effect of fami-
nation. In laminations, the increased thickness, as
would be cxpected, decreases drastically resist-
ance to flexing action, as shown in Table 1.

Resistance to abrasion. Laminating increascs
greatly the abrasion resistance of films. as shown
in Table IT1.

When puncture-flexing action and abrasion re-
sistances are all taken into consideration, many
laminates under study show up strong in onc or
two resistancce propertics, but weak in others.
Typical examples are shown in Table IV. There
are very few laminates that can be considered
strong in resistance to all three damage modes.
For practical applications, compromiscs have to

Table I: Puncture resistance of a laminate and of its individual components

Waterials used Components
in laminate determined
construction separately Laminate determination
max. force, total energy,
max. total gm. in.-gnt.
force, energy, from from from from
am. in-gm. “inside’’* “outside’* “inside”* “outside”*
0.5-mil polyester 106 1.47
0.35-mil aluminum foil 23 0.13
3.0-mil 5DPE 76 2.10
Total v 205 3.70 178 203 2.81 2.73
2.0-mil polyester 331 4.36
0.35-mil aluminum foil 23 0.3
2.0-mif vinyl 90 4.15
Total 444 3.64 422 . 315 6.06 441

"“Inside" is heat-seal side; "outside’ is polyester side.
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: B Efiects of lamination
fexing action

Table Hi: Effects of lamination
on abrasion resistance

Cycles of flexing action
to cause pinhole formation

to cause pinhole formation

VA Revolutions of abrasion

Three Two- Three- Three Three-
components component component components componeat
determined faminate laminate Laminate determined laminate
separately (a and ¢) (a,b and ¢) construction separately (a,bandc)

yeser 10,000 3,000 700 (a) 2.0-mil polyester 50 300
| aluminum foil 23 (b} 0.35-mil aluminum foil 5
i HDPE 5,000 (¢} 2.0-mil vinyl ) 10
ste IV: Laminate differences in resistance to damage modes
Puncture Flexing Abrasion
resistance resistance, resisiance,

from “inside”*,

cycles to pinhole revolutions to

g, formation pinhole forrnation
518 3,000 900
0.5-mil poiyester/0.35-mil aluminum foil /3-mit HDPE 178 700 1,000
3.5-mil polyester/0.35-mil aluminum foil /3-mil polyolefin 148 10,000> 800
W»*-'V"{’-nsiﬁcx" is heat-seal side. Note: Construction No. 1 is too stiff for flexible packages and Is used here only for purposes of comparison.

te ynce. und the mode of damage most important
q1 the puckaging application should be ascertained
before an intelligent choice of laminate material
can be made.

Variations in testing speeds

Consideration was given to use of different
speeds in procedures to determine if speeds other
than the onc used in the adopted test procedure
would change the relative position of materials
with respect to their resistance to pinhole forma-
tion.

With our cxperimental setup for determining
resistainee to puncture, we found that the max-
imum jaw speed that could be employed with the
Instron and stll get accurate readings was 1 in.
per min. At a speed of 2 in. per min., the laminate -
usually broke too quickly to get accurate readings.
In general, our results indicated that the max-
1 force and energy required for puncture in-
creased when the speed of puncture was in-
creased. However, when speed was increased from
0.2 to 1 in. per min., the relative position of lami-
nates did not change.

Firm conclusions were not possible as to the ef-
fects of dexing speed on flexure resistance. Results
from two speeds of flexing action (132 cycles per
min. and 180 cycles per min.) showed no change
in the relative position of materials under study.

As far as measuring abrasion resistance is con-
cerned, increase in the turntable speed of our
abrascer increases the number of samples with pin-

hole formation, but in general, the relative posi-
tion of materials with respect to abrasion resist-
ancc did not change.

Conclusions

Pinhole formation in flexible-packaging mate-
rials resulting from puncture, flexing action and
abrasion was studied and identified. Methods and
appropriate instrumentation were either adopted
or developed to closely simulate and measure
these three damage modes under controlled labor-
atory conditions.

Laboratory results have established several gen-
cral rules governing flexible packaging materiais:

(a) Increase in thickness of a flexible material
increases its puncture and abrasion resistance, but
decreases its flexing resistance.

(b) - When scveral components (or films) are
laminated: puncture resistance of the laminate is
usually less than the sum of the individual compo-
nents; flexing resistance is reduced drastically, and
abrasion resistance increases dramatically.

(¢) Changes in test speeds do not appear to
change the relative position of materials with re-
spect to pinhole formation.

(d) Many laminates show up strong in one or
two resistance properties, but weak in others. In
practical packaging situations, compromises have
to be made. The predominant damaging factor
must be ascertained for a specific application so
that an intelligent choice of materials, or com-
bination of materials, can be made. ]




